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Introduction
Rheumatoid arthritis (RA) is a severe chronic disease characterized by the inflammation of synovial tissue in joints, which causes pain and dysfunction and ultimately leads to the destruction of joints. The pathogenesis of RA is not yet fully understood [1, 2] . A general pathogenic hallmark of RA is the infiltration of T cells, B cells, macrophages, granulocytes and particular neutrophils into the synovial lining and fluid and the periarticular spaces. These infiltrating cells produce abundant cytokines, dominated mainly by the inflammatory type of cytokines such as tumor necrosis factor (TNF-α) and IL-1, which further activate effector cells such as macrophages and synoviocytes, finally leading to the damage of joint tissue. The occurrence of elevated levels of rheumatoid factors (RFs), which are autoantibodies against the Fc portion of IgG molecules, are a diagnostic marker for RA, even though they are not specific for the disease. RF is present not only in patients with RA but also in patients with other autoimmune diseases or healthy donors. The role of RF in the pathogenesis of RA, or even whether it has one, is still not clear [3] .
More recently, autoantibodies against citrullinated proteins have been shown to be specifically present in patients with RA [4] . Studies involving animal models have shed more light on the role of autoantibodies in the pathogenesis of the disease [5, 6] . There has been increasing evidence of the importance of autoantibodies and innate immunity cellular factors (Fc receptors and components of the complement system) in the pathophysiology of immunological diseases. In collagen-induced arthritis (CIA) [7] , a model in which arthritis is induced in certain susceptible mouse strains by injecting collagen type II (CII) in complete Freund's adjuvant, the antibodies directed to CII epitopes exposed on the cartilage surface in the joints have a crucial role in pathogenesis [8, 9] .
In a more recent mouse model of arthritis known as the K/B × N model [5, 10, 11] , arthritis occurs spontaneously and autoantibodies reactive to the ubiquitously expressed protein glucose-6-phosphate isomerase (GPI) are produced. These IgG autoantibodies bind to GPI present on the cartilage surface in the joints and trigger a destructive arthritis. An acute transient form of synovitis can also be produced by the passive transfer of anti-GPI antibodies alone, supporting the view that antibodies alone can trigger the disease [12] . Studies conducted in this model supported the concept that whereas T and B cells are important for the initiation of RA, the pathogenicity is brought about mostly by autoantibodies and innate immune mediators. This review discusses the emerging concepts of a combined role of complement components and Fc receptors in RA pathogenesis.
viruses. Using different mechanisms (through both cell-bound and soluble proteins) it is able to discriminate self from nonself and its major role is in the induction and progression of inflammation against microbial pathogens. The complement system contributes to immune complex (IC) clearance by complement receptor 1 (CR1)-dependent and CR3-dependent phagocytosis, cell lysis by the terminal membrane attack complex, and mobilization of inflammatory immune cells through proteolytic products of soluble complement proteins known as the anaphylatoxins C3a, C4a and C5a. These proteins also modulate the inflammatory process by the complement receptors CR1/CD35, CR2/CD21, CR3/ CD11b-CD18, CR4/CD11c-CD18 and C5aR, expressed on leukocytes [13] [14] [15] [16] [17] . However, aberrant activation can lead to tissue damage and disease. In human disease, the complement system has been shown to have a role in the pathogenesis of various immune-mediated disorders, including systemic lupus erythematosus, vasculitis, glomerulonephritis and RA [18] . Interestingly, deficiencies of early complement proteins of the classical pathway lead to autoimmunity, both in human and in mouse. Decreased levels of native complement components and increased levels of complement metabolites in plasma and synovial fluid (SF) of patients with RA have indirectly implicated a role of complement in the pathogenesis of RA.
A significant role for complement in the pathogenesis of RA has also been demonstrated by a variety of molecular and pathological studies. The total hemolytic complement, C3, and C4 are drastically reduced in SF relative to the total protein in patients with RA. Measurement of the activated proinflammatory complement products that are generated after C5 cleavage, namely C5a and C5b-9, showed significantly elevated levels in RA joints. Furthermore, positive correlations have been shown between SF complement activation (for example levels of plasma C3dg, a C3 activation metabolite) and local as well as general disease activity in RA, and between C2 and C3 expression in RA synovium and inflammation [19, 20] . Furthermore, studies have shown high levels of C5a in SF [21] and correlation of the levels of C5a with the number of neutrophils present in the SF of patients with RA [22] .
More direct evidence for the role of the complement system in RA came from experimental work with different animal models. Initial indications that activation of the complement cascade might have a role in RA was shown by the observation that rats depleted of complement C3 by using cobra venom factor are resistant to CIA [13] . Similar observations were seen with SWR mice that, in spite of expressing the I-A q susceptibility gene, are resistant to CIA because of a genetic deficiency in producing C5 [15] .
Recent uses of knockout mice have clearly shown that complement activation is an integral component in the pathogenesis of CIA. Genetic deletion of C5, C3 or factor B in DBA/1 mice resulted in each case in mice being highly resistant to CIA induction [23, 24] despite the presence of high titers of anti-CII antibodies. The anaphylatoxin C3a is a product of complement network activation via all three initiating pathways. Subsequently the most potent anaphylatoxin, C5a, is generated from C5 during activation of the complement system by the C5 convertase. C5a not only induces cellular chemotaxis but also a wide array of effects, including the increase of vascular permeability and cellular degranulation. C5a exerts its bioactivity by binding to a Gprotein-coupled receptor, called C5a receptor (C5aR). Expression of C5aR was also noted in synovial mast cells in RA joints [25] , and mast cells are essential in arthritis induced by anti-GPI sera [26] . Both C5 deficiency and the systemic administration of anti-C5 antibodies ameliorated CIA, whereas both cellular and antibody responses to immunization with collagen II were normal [23, 27] .
Similarly, a gene therapy approach using retrovirally transduced soluble complement receptor 1 (CD35), an inhibitor of the classical and alternative pathway of complement activation in DBA/1 mice, has also been shown to have a beneficial effect, reducing inflammation and the development of CIA in these mice [16] . These results suggest that both the classical and alternative pathways of complement activation may be involved in CIA.
More recently, studies showing the importance of autoantibodies and both the complement and the FcR system came from the K/B × N mice model, in which arthritis arises spontaneously by crossing a C57BL/6 KRN TCR transgenic mouse line with the nonobese diabetic (NOD) mouse strain. The arthritogenic activity of K/B × N serum resides solely in the glucose-6-phosphate isomerase-reactive IgG fraction, allowing the passive transfer of antibodies in naive mice to induce arthritis [11, 12, 17, 28] . A thorough study of the genetic influences on the end-stage effector phase of the arthritis in K/B × N mice revealed a prominent role of the C5 locus on chromosome 2 [29] . Arthritis was seen to progress in the progeny of crosses between the K/B × N mice and C1q or the C4 knockout mice similar to that in wild-type mice, showing that C1q and the classical complement activation pathway is not an effector in disease progression in this model. However, progeny mice of crosses between K/B × N and knockout mice deficient for either complement factor B, C3, C5 or C5aR were found to be completely resistant to arthritis.
The surprising involvement of factor B, a member of the alternative pathway, suggested the role of alternative complement activation in this model. A mechanism of activating the alternative pathway via mannose-binding protein in the MB lectin pathway was excluded [30] . The crucial role of C5 in arthritis progression was further proved by experiments in which treatment with anti-C5 antibodies prevented disease in animals that had received K/B × N sera.
C6-deficient mice also developed disease, suggesting that the late complement activation step (complement lysis by the membrane attack complex) is not involved in disease activity, but rather that the C5a interaction with C5aR expressed on many cell types such as neutrophils, macrophages and mast cells might be involved. C5a functions as a chemoattractant and induces acute inflammation by activating neutrophils and mast cells [29, 30] . C5-targeting therapy prevented not only synovitis but also bone and cartilage degradation in the arthritic mouse model. Considering these data, C5a/C5aR may be an important modulator not only of inflammation in synovitis but also of cartilage destruction in arthritis.
How the alternative pathway is activated is still a matter of speculation: one method would be the formation and stabilization of surface-bound C3b-IgG fragments on the acellular cartilage surface, leading to formation of the C3 and C5 convertase. Because there are no complement regulatory proteins -which usually inhibit complement activation on eukaryotic cells -present on the cartilage surface and because the bound IgGs are able to bind C3b and prevent the binding of the complement regulatory plasma proteins factor I and factor H, formation of the C3 convertase is possible. The chemotactic effects of C5a-C5aR ligation then attracts neutrophils to sites of inflammation to produce properdin, which, upon binding to C3b-IgG complexes, enhances the association with factor B, leading to stabilization of the alternative pathway C3 convertase and amplification of the alternative pathway C3 consumption. However, properdin may bind preferentially to microbial surfaces and not to self surfaces [31] . These results are surprising because in human RA the involvement of the complement network in the development of arthritis has generally been assumed to reflect the classical pathway of activation involving the recognition of ICs by C1. One exception is juvenile arthritis, for which reports have provided evidence for the role of the alternative pathway [20] .
The complement receptor CR1 binds the C3b, iC3b and C4b fragments, CR2 binds the C3d and iC3b fragments, and CR3 binds the iC3b fragments. These interactions have been implicated in the immune adherence of opsonized particles, phagocytosis, IC clearance and signal transduction. However, it could be shown that not even a combined deficiency of CR1 and CR2 had a detectable effect of conferring resistance or susceptibility on K/B × N seruminduced RA [17, 30] .
Role of Fcγ γ receptors
Fc receptors act as a link between humoral and cellular responses, coupling antibody specificity with effector cell function. Engagement of Fc receptors triggers inflammatory, cytolytic, allergic or phagocytic activities [32] . An important role for FcγRs in RA pathogenesis is supported by the linkage of FcγR polymorphisms with RA [33, 34] and the striking effects of FcγR deficiency on disease incidence and severity in several animal models of inflammatory arthritis [35] [36] [37] . In mice, three subtypes of cell-surface membrane-bound IgG receptors (FcγRI, FcγRIIB and FcγRIII) have been identified. FcγRI and FcγRIII are regarded as stimulatory FcγRs because the receptors transmit stimulatory signals through an immunoreceptor tyrosine-based activation motif on self aggregation. In mice the high-affinity FcγRI is expressed on monocytes, macrophages and dendritic cells, whereas the low-affinity FcγRIII has a broader expression and is seen on neutrophils, macrophages and dendritic cells.
In contrast, FcγRII is regarded as an inhibitory receptor of immunoglobulin-induced B cell activation; it contains an immunoreceptor tyrosine-based inhibition motif and inhibits the activation of FcγRI and FcγRIII on aggregation with them. FcγRII is expressed on B cells, dendritic cells, neutrophils, macrophages, NK cells and mast cells in mice. These FcRs have been shown to have central roles in disease models such as allergy, nephritis and arthritis [32] . In the Arthus reaction mice model, the crucial role of the FcγR is well established. Mice lacking the stimulatory FcγRIII show an impaired Arthus reaction [38] , whereas the FcγRII −/− mice showed an enhanced Arthus reaction owing to the absence of its modulatory role in inhibiting FcγR activation [39] .
Similarly, in RA several lines of evidence have implicated FcRs, in particular IgG-binding receptors (FcγRs), in disease pathogenesis: FcγRIII was detected on synovial intima in normal and arthritic human joints and on invading macrophages [40] . A FcγRIII gene polymorphism has been correlated with human RA susceptibility [33] . A dominant role for FcγRIII in the induction of both TNF-α and IL-1 production by human macrophages in RA after receptor ligation by small ICs has been shown recently. Mice lacking the common γ chain of the FcγRs (and thereby FcγRI and FcγRIII) were not susceptible to arthritis induction after an injection of collagen or adjuvant [35] ; in addition, a lack of the inhibitory receptor FcγRIIB was found to exacerbate CIA in susceptible mouse strains [35] .
It has also been shown that deletion of FcγRII can render arthritis-resistant 129/SvJ and C57BL/6 hybrid mice susceptible to CIA [41] . Arthritis-susceptible DBA/1 mice that are also deficient in the inhibitory receptor FcγRII develop elevated IgG anti-CII levels and enhanced disease. Despite a normal humoral response against bovine CII, FcγRIII-deficient DBA/1 mice were almost completely protected from arthritogenic IgG1, IgG2a or IgG2b antibodies, indicating that activating FcγRs have a significant role in the inflammatory process [42] . Recent experimental data using the K/B × N arthritis model showed that the pathogenic action of anti-GPI antibodies depends on FcγR activation because the injection of serum from K/B × N mice induced arthritis in naive mice but not in mice deficient in FcR common γ chain [43] , and arthritis was significantly suppressed in FcγRIII-deficient mice [30] . Mechanisms of FcR action determined in animal models of RA were also found in other inflammatory disease models such as the Arthus reaction [38] and IC peritonitis [44] , suggesting a more general mechanism of these receptors in inflammatory diseases.
Maintaining autoantibody titers through FcRn-mediated recycling
One of the most striking characteristics of the K/B × N model is the extremely high titer of specific autoantibodies throughout the life of the diseased mice. Titers in the order of 10 mg/ml specific anti-GPI IgG1 can be measured even in 2-year-old sick K/B × N mice (the spontaneous disease starts at about the third week after birth and is chronic). The particular receptor responsible for maintaining IgG titers in blood is the intracellular Fc receptor (FcRn) that is abundantly expressed in endothelial cells. The FcRn binds pinocytosed IgG only in the acidic environment of the endosome and releases intact IgG when its transport vesicle is redirected to the neutral pH of the cell surface. IgG not bound to the FcRn is transferred to lysosomes for degradation [45] . Accelerated catabolism of IgG is found when the FcRn in states of hypergammaglobulinemia is saturated. This IgG-depleting mechanism plausibly explains the beneficial results of intravenous therapy with high doses of normal IgG (IVIG) in autoimmune diseases mediated by pathogenic IgG. The synthesis of IgG is driven by immunogenic stimulation and is not affected by the rate of catabolism [46] . Since the first application of IVIG pooled from the plasma of healthy donors in the treatment of idiopathic thrombocytopenic purpura in children [47] , many patients with a variety of autoimmune disorders have benefited from this therapy [48] .
Numerous mechanisms have been proposed to explain the beneficial action of high doses of normal IgG in antibodymediated disorders. Recently Akilesh and colleagues [49] crossed FcRn deficient mice with the genetically determined K/B × N arthritis model. This resulted in partial or complete protection from arthritis. The same was found for the anti-GPI sera transfer model. In both cases disease severity was correlated with the concentration of anti-GPI antibody titers in blood. Moreover, transferring large amounts of sera from sick mice could override the protective effect of FcRn deficiency, suggesting a dependence of disease induction on antibody concentration. Interestingly, IVIG treatment of mice resulted in protection from arthritis induced by K/B × N sera in wildtype animals but not in FcRn-deficient animals [49, 50] . This suggests that saturation of the FcRn is the mechanism indirectly shortening the half-life of the pathogenic IgG by decreasing the concentration below pathological thresholds. In contrast, the FcRn is responsible for maintaining high autoantibody titers by prolonging their half-life. It is speculative, but plausible, that different glycosylation patterns as found in autoimmune conditions [51] may enhance or reduce FcRndependent recycling, because the FcRn seems to have some specificity for alterations of antibodies [52] .
Convergence of complement and Fc receptor activation in RA pathogenesis
It has been widely accepted that ICs initiate inflammatory responses in IC diseases such as arthritis or the Arthus reaction either by activation of the complement system or by the direct engagement and activation of FcγR-bearing inflammatory cells. Complement and FcγRs act in concert in many inflammatory responses, with complement both attracting and activating FcγR-bearing cells at sites of inflammation. Antibodies, particularly as constituents of antibody-antigen ICs, have a central role in triggering inflammation in several autoimmune diseases (Fig. 1) .
Although the concept of IC-triggered inflammation through the activation of the complement cascade is known, studies in FcR-deficient mutant mice have promoted an opposing view that ICs induce inflammation predominantly through FcR engagement, with complement proteins subserving primarily immunoregulatory functions. Studies on relative contributions of either complement or FcγRs in the inflammatory response, especially in Arthus reaction mice models, have resulted in a better understanding of the role of the complement system and FcγRs, although the relative contributions and the hierarchy of these two pathways in the manifestation of disease are still unclear. In FcγR −/− mice, in which the surface expression of FcγRI and FcγRIII is downregulated, the inflammatory response in the reverse Arthus reaction in skin, peritoneum and lung is impaired, arguing for the predominance of FcγR-expressing effector cells for disease manifestation. This view is opposed by studies showing that C5aR −/− mice are completely protected from lung injury in the reverse Arthus reaction, although this protection was not complete for injury to skin and peritoneum [53] .
Another elegant study in an IC-induced inflammation model argued for a codominant role of inflammatory pathways mediated by FcγRI/III and C5aR [54] . In support of this view it was shown that the C5a anaphylatoxin, acting through the C5aR, is a major regulator of the transcription of activating and inhibitory FcγRs in IC-induced lung disease. C5a increased the expression of activating FcγRIII and decreased the expression of the inhibitory FcγRII on alveolar macrophages, which led to a lower threshold for cellular activation [55] . This elegant set of experiments supports the hypothesis that the FcγR activation is downstream of complement activation in the inflammatory cascade. This is of particular interest because it shows clearly how an immune response initially triggered by the complement system can regulate the cellular response through the regulation of FcRs much like the instructive role of the innate immune system for the adaptive response [56] .
The production of autoantibodies as a result of the failure of the immune system's selective mechanisms against self is the key to both FcR and complement activation in autoimmunity. The formation of ICs to either soluble or cell-bound proteins results in complement activation. This activation depends on the structural changes imposed on the antibody molecule after binding to antigen and, at least in case of the classical pathway of complement, on the distance or density of antigen-bound antibodies. Once the complement system has been activated, anaphylatoxic molecules, most importantly C5a, trigger cellular migration to sites of inflammation and changes in FcR expression. At that time the inhibitory receptor FcγRII is downregulated and these cells subsequently lack the ability to downregulate FcγRI and FcγRIII and the ability to clear and endocytose ICs efficiently [55] . Both complement and FcγRs are co-expressed on key cellular players of inflammation such as mast cells and macrophages.
Recently it was shown that autoantibodies develop long before the onset of disease in systemic lupus erythomatosus and anti-phospholipid syndrome [57, 58] . Disease may develop through epitope spreading and changes in the concentration of the autoantibodies. In particular the latter may also depend on FcRn-mediated recycling. ICs containing antigen, antibody and proteolytically split complement products can bind to FcRs, complement receptors and antigen receptors at the same time and, for B cells, on the very same cell. Both FcRs and complement receptors are involved in the binding of ICs and phagocytosis; they deliver signals leading to the activation and differentiation of cells. Differences in the expression of these receptors on cells such as mast cells and macrophages as well as in the tissue localization determine the reaction to ICs, but are far from understood. Moreover, both the FcR and complement system, as part of the innate immune system, are involved in early immune defense and subsequently activate and instruct the adaptive immune system; at the same time they are involved in immune regulation when the adaptive response is ongoing. Taken together, coordinated activation and signaling through the complement system and the FcR system in a hierarchical manner leads to inflammation. Although the results obtained from several disease models fit more or less well, the diverse activities of complement and FcRs on the different types of cells, even if one focuses only on antibodymediated diseases, remains to be analyzed in detail, as is true Available online http://arthritis-research.com/contents/7/4/129
Figure 1
Schematic representation of a local autoantibody-induced inflammatory network in an arthritic joint. Autoantibodies and autoantigen form immune complexes (ICs) in the vascular system and are captured on cartilage surfaces. The intracellular Fc receptor (FcRn) may sustain certain arthritogenic autoantibody levels and enhance IC formation by antibody recycling. The increased IC levels on the cartilage can then activate the complement cascade to produce C5a and also directly activate macrophage (present locally) through the FcγRIII receptor to trigger initial gradient waves of inflammatory cytokines around the affected joint. The C5a resulting from complement activation diffuses out into local tissues, increasing vascular permeability and cellular chemotaxis, thereby effecting the downregulation of inhibitory FcγRIIb receptors and reducing the activation threshold of inflammatory cells. This results in a rapid influx of neutrophils around affected joint tissues and in the activation of mast cells by C5a to release histamine, which again may diffuse out further to activate more mast cells. The rapid activation cascade of neutrophils and mast cells can result in the production of vast amounts of local inflammatory cytokines such as IL-1 and tumor necrosis factor-α (TNF-α) potent enough to attract large waves of influx of activated macrophages to the site of inflammation. At the joints, macrophages can further be activated through FcγRIII by the ICs deposited on cartilage supplemented by the inflammatory cytokine milieu. This large number of activated macrophages then can sustain the constant production of inflammatory mediators and cartilage-degrading enzymes that ultimately can result in joint destruction. MMPs, matrix metalloproteinases.
of the first step in antibody-dependent activation of the alternative pathway of the complement system.
